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ABSTRACT
Most types of supernovae (SNe) have yet to be connected with their progenitor stellar systems. Here,
we reanalyze the 10-year SN sample collected during 1998–2008 by the Lick Observatory Supernova
Search (LOSS) in order to constrain the progenitors of SNe Ia and stripped-envelope SNe (SE SNe,
i.e., SNe IIb, Ib, Ic, and broad-lined Ic). We matched the LOSS galaxy sample with spectroscopy from
the Sloan Digital Sky Survey and measured SN rates as a function of galaxy stellar mass, specific star
formation rate, and oxygen abundance (metallicity). We find significant correlations between the SN
rates and all three galaxy properties. The SN Ia correlations are consistent with other measurements,
as well as with our previous explanation of these measurements in the form of a combination of the
SN Ia delay-time distribution and the correlation between galaxy mass and age. The ratio between
the SE SN and SN II rates declines significantly in low-mass galaxies. This rules out single stars as
SE SN progenitors, and is consistent with predictions from binary-system progenitor models. Using
well-known galaxy scaling relations, any correlation between the rates and one of the galaxy properties
examined here can be expressed as a correlation with the other two. These redundant correlations
preclude us from establishing causality—that is, from ascertaining which of the galaxy properties (or
their combination) is the physical driver for the difference between the SE SN and SN II rates. We
outline several methods that have the potential to overcome this problem in future works.
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1. INTRODUCTION
Of the various types of supernovae (SNe) we observe,
only certain subtypes of SNe II have been conclusively
connected to their progenitors. Pre-explosion imaging
has shown that SNe II-plateau (SNe IIP), for example,
come from red supergiants (see review by Smartt 2009).
Owing to their cosmological significance, the progenitor
systems of SNe Ia have been pursued relentlessly over
the last two decades, but their nature is still debated
(see Maoz et al. 2014 for a recent review).
SNe II and stripped-envelope SNe (SE SNe, i.e.,
SNe IIb, Ib, Ic, and broad-lined Ic; e.g., Filippenko 1997;
Matheson et al. 2001; Modjaz et al. 2014) are attributed
to the core collapse (CC) of stars more massive than
∼ 8 M. Spectroscopically, SE SNe are distinguished
from SNe II by the lack of hydrogen features (either
partial, as in SNe IIb, or nearly complete, as in SNe
Ib; e.g., Filippenko 1997; Liu et al. 2016). SNe Ic also
lack helium features. In order to explain this lack of
hydrogen and helium, SE SNe are thought to be the
explosions of stars that have had their outer envelopes
stripped away before the explosion (hence their name).
Of all the processes suggested to explain this stripping,
the leading models make use of either stellar winds (e.g.,
Heger et al. 2003), interaction with a binary compan-
ion (e.g., Paczyn´ski 1971; Podsiadlowski et al. 1992; De
Donder & Vanbeveren 1998; Vanbeveren et al. 1998),
or a combination of both (e.g., Smith et al. 2011). In
the case of broad-lined SNe Ic connected to gamma-ray
bursts, chemically homogeneous evolution (e.g., Yoon
& Langer 2005; Woosley & Heger 2006) and explosive
common-envelope ejection (Podsiadlowski et al. 2010)
have also been suggested. Pre-explosion imaging of the
sites of these SNe has so far failed to reveal the nature of
their progenitors conclusively (e.g., Eldridge et al. 2013;
Eldridge & Maund 2016; Folatelli et al. 2016; Van Dyk
et al. 2016), though the case for yellow supergiants in
binary systems as the progenitors of SNe IIb is gain-
ing traction (e.g., Van Dyk et al. 2013, 2014; Bersten
et al. 2014; Fremling et al. 2014; Eldridge et al. 2015).
New observational methods are required to address this
question.
SNe Ia are thought to be thermonuclear explosions of
carbon–oxygen white-dwarf remnants of < 8 M stars.
In order to disrupt the otherwise stable white dwarf,
most models place it in a binary system where it can
grow in mass, raising the temperature in the core until
the carbon is ignited in a thermonuclear runaway. To
grow in mass, the white dwarf can either siphon mat-
ter off of a main-sequence or evolved companion star
(the so-called “single-degenerate” scenario; Whelan &
Iben 1973) or merge with a second carbon–oxygen white
dwarf after the two spiral in owing to loss of energy and
angular momentum to gravitational waves (the “dou-
ble degenerate” scenario; Iben & Tutukov 1984; Web-
bink 1984). Recently, direct collisions of white dwarfs
have also been suggested as a possible progenitor chan-
nel (e.g., Katz & Dong 2012; Kushnir et al. 2013; Dong
et al. 2015; but see also Hamers et al. 2013).
Many methods have been used to constrain these var-
ious SN progenitor models, including (but far from lim-
ited to) direct imaging of the explosion sites either be-
fore or long after the SN explosion (e.g., Maoz & Man-
nucci 2008; Li et al. 2011b; Graur et al. 2014a, 2016a;
Kelly et al. 2014), multiwavelength follow-up observa-
tions (e.g., Horesh et al. 2012; Milisavljevic et al. 2013;
Margutti et al. 2014; Chomiuk et al. 2016), and analyses
of SN remnants (e.g., Ruiz-Lapuente et al. 2004; Schae-
fer & Pagnotta 2012; Kerzendorf et al. 2013; Bedin et al.
2014).
Over the last few decades, studies have consistently
shown that SNe Ia are more common in blue, star-
forming, late-type galaxies than in red, passive, early-
type galaxies (e.g., Oemler & Tinsley 1979; Cappellaro
& Turatto 1988; Evans et al. 1989; van den Bergh 1990;
van den Bergh & Tammann 1991; Della Valle & Livio
1994; Wang et al. 1979; Cappellaro et al. 1999; Della
Valle et al. 2005).
Sullivan et al. (2006) showed that SN Ia rates per
unit mass decreased with increasing galaxy stellar mass.
Li et al. (2011a, hereafter L11) showed the same effect
for all SN types, in all types of galaxies (but see Sec-
tion 4), and dubbed this the “rate-size,” or rate–mass,
relation. We confirmed this trend for SNe Ia in star-
forming galaxies in Graur & Maoz (2013) and for SNe II
in Graur et al. (2015, hereafter G15). Following Kistler
et al. (2013), we argued that the dependence of the SN
Ia rates on stellar mass results from a combination of
galaxy scaling relations (older galaxies are more massive,
on average, than younger ones; Gallazzi et al. 2005) and
the SN Ia delay-time distribution (DTD), which behaves
as a power law with an index of ∼ −1 (e.g., observations
by Totani et al. 2008; Maoz et al. 2010; Maoz & Badenes
2010; Graur et al. 2011, 2014b; Rodney et al. 2014; and
reviews by Wang & Han 2012; Hillebrandt et al. 2013;
Maoz et al. 2014).
Mannucci et al. (2005), Sullivan et al. (2006), Smith
et al. (2012), and G15 also measured SN Ia rates as
a function of the galaxies’ specific star-formation rate
(sSFR). In G15, we showed that our explanation for
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the rate–mass correlation also explained the observed
trend between SN Ia rates and sSFR, where the rates
are constant in passive galaxies but rise with increasing
sSFR in star-forming galaxies.
In G15, we also measured SN rates as a function of
stellar mass and sSFR for SNe II and claimed that their
rate–mass relation was simply the result of their progen-
itors’ short lifetimes: because SNe II come from mas-
sive (> 8 M) stars, their rates track the star-formation
rates of their galaxies. Similar measurements of CC SN
rates (i.e., combining SNe II and SE SNe) were made by
Botticella et al. (2012).
L11 was part of a series of papers that explored the
SN sample collected by the Lick Observatory Supernova
Search (LOSS; L11; Leaman et al. 2011; Li et al. 2011c;
Maoz et al. 2011; Smith et al. 2011). LOSS is an on-
going survey for SNe in local galaxies using the 0.76 m
Katzman Automatic Imaging Telescope. For detailed
descriptions of the survey, see Li et al. (2000), Filip-
penko et al. (2001), and Filippenko (2003, 2005).
Here, we use the LOSS sample to remeasure and re-
analyze the SN rates originally published by L11. In
Section 2, we match between the LOSS sample and spec-
troscopy from the Sloan Digital Sky Survey (SDSS; York
et al. 2000) in order to go beyond L11 and measure the
SN rates not only as a function of galaxy stellar mass but
also of sSFR and metallicity, as expressed by the abun-
dance of gas-phase oxygen in the centers of the LOSS
galaxies. Throughout this work, we use the metallicity
scale of Tremonti et al. (2004, hereafter T04).
In Section 3, we make several addenda to the LOSS
sample. We publish the control times necessary to mea-
sure SN rates with this sample, as well as updated tables
of galaxy properties and SN rates. We deal with SNe Ia
in Section 4, and with CC SNe in Section 5.
We find significant correlations between the SN rates
and the various galaxy properties. Most importantly, we
find that the CC SN rates behave differently in differ-
ent types of galaxies: the SE SN rates are shown to be
depressed, relative to the SN II rates, in galaxies with
low stellar mass, high sSFRs, and low metallicity val-
ues. Other studies have reported similar trends through
measurements of correlations between fractions of SNe
within a given sample and metallicity (e.g., Prieto et al.
2008; Boissier & Prantzos 2009; Kelly & Kirshner 2012;
Anderson et al. 2015), or by splitting SN fractions be-
tween different types of galaxies, which encompass dif-
ferent metallicity regimes (Arcavi et al. 2010; Hakobyan
et al. 2014). We conduct an in-depth comparison of our
results with these works in Section 6. We also show that
our measurements rule out theoretical models based on
single-star progenitors for SE SNe, but are consistent
with models that assume binary-system progenitors.
In Section 6, we additionally discuss how the vari-
ous rate correlations are not independent. For all SN
types, we show that a correlation with one galaxy prop-
erty can be transformed into the measured correlations
with any other of the galaxy properties studied here by
using well-known galaxy scaling relations. This makes
it impossible to distinguish causation from correlation,
especially for the deficiency of SE SNe in lower-mass
galaxies. However, we argue that the structure seen in
the correlations (e.g., the way the ratio between the SE
SN and SN II rates depends on galaxy stellar mass) can
be incorporated into models and used to constrain pro-
genitor models.
We summarize our results in Section 7. Paper II in this
series (Graur et al. 2016b) will use population fractions,
as measured from the LOSS volume-limited subsample
of SNe, to strengthen the results presented here and add
further constraints on SN progenitor scenarios. For Pa-
per II, we rely on a reclassification of the SNe in this
subsample, as reported by Shivvers et al. (2017).
2. GALAXY AND SUPERNOVA SAMPLES
Between 1998 March and 2008 December, LOSS dis-
covered a total of 1036 SNe. Most of these were dis-
covered among the 14,882 galaxies directly targeted by
the search (at a median distance of 80+50−40 Mpc, where
the upper and lower bounds contain 68% of the galax-
ies in the sample), but a few dozen were also discovered
in background galaxies in the LOSS fields. This sample,
along with the subsamples used to measure the LOSS SN
luminosity functions (Li et al. 2011c) and rates (L11), is
described in detail by Leaman et al. (2011).
LOSS classified their SNe into three broad categories
(e.g., Filippenko 1997): SNe Ia, Ib/c, and II. The first
category included all SN Ia subtypes, including the
subluminous SN 1991bg-like SNe Ia, overluminous SN
1991T-like SNe Ia, and SN 2002cx-like SNe Ia (now
referred to as SNe Iax; Jha et al. 2006; Foley et al.
2013). SNe Ib/c included SNe Ib, Ic, and “peculiar”
SE SNe (such as broad-lined SNe Ic; see, e.g., Woosley &
Bloom 2006 for a review). The final category comprised
SNe IIP, IIL, IIn, and IIb. However, as mentioned ear-
lier, SNe IIb are characterized by hydrogen deficiency,
which is an indication of envelope stripping. Thus, they
should be grouped with the SNe Ib/c (e.g., Filippenko
et al. 1993). In this work, we use “SE SNe” instead of
“SNe Ib/c.” However, because we use the control times
calculated by L11 for the LOSS sample (see Sections 3
and 5.1, below), we must keep the SNe IIb grouped with
the SN II class when calculating rates.
Fourteen SNe had no spectroscopic classification. Lea-
man et al. (2011) divided these SNe into the three SN
categories “according to the statistics of the SNe having
spectroscopic classification” and used them in the L11
rate calculations. We choose to exclude these SNe from
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Figure 1. Specific SN rates as a function of galaxy stellar mass in galaxies of different Hubble type (symbols, as marked) for
SNe Ia (upper left), SE SNe (upper right), and SNe II (bottom center). Only galaxy types that have at least 10 SNe are shown.
The curves indicate the rates as measured for all galaxy types using a sliding bin. The 68% Poisson uncertainties in these rates
are shown as the gray shaded regions. Light-gray patches denote regions where the sliding-bin rates are based on ≤ 3 SNe per
bin, leading to large Poisson uncertainties. The lower panel of each figure gives the mass distribution of the SN host galaxies
(color) superimposed on that of the LOSS galaxy sample (gray). Compare to figures 3 and 4 from L11, where the different rates
were scaled to match the rates in Sbc galaxies.
the rate measurements performed in this work.
Leaman et al. (2011) divided the LOSS galaxies into
eight Hubble types—E, S0, Sa, Sb, Sbc, Sc, Scd, and
Irr (irregular)—according to their designations in the
NASA Extragalactic Database.1 We keep these desig-
nations in the current work.
We divide the complete LOSS galaxy sample into sev-
1 http://ned.ipac.caltech.edu/
eral subsamples, which we label the “LOSS,” “sSFR,”
and “metallicity” samples. The LOSS sample is sim-
ilar to the sample used by L11 to measure the origi-
nal LOSS SN rates (i.e., the “full-optimal” subsample;
10,121 galaxies from the targeted list only, i.e., excluding
SNe discovered in background galaxies) and is used here
to measure SN rates per unit mass (“specific” rates) as a
function of galaxy stellar mass. The sSFR sample com-
prises 2415 galaxies targeted by LOSS that had spectra
acquired by the SDSS and were analyzed by both the
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MPA-JHU Galspec pipeline2 (Kauffmann et al. 2003;
Brinchmann et al. 2004; Tremonti et al. 2004) and the
NASA-Sloan Atlas3 (NSA), which is based on the SDSS
DR8 spectroscopic catalog (Aihara et al. 2011). This
sample is used to correlate the SN rates with sSFR.
The “metallicity” sample is a subset of 1000 galaxies
from the MPA-JHU Galspec catalog, which we use to
measure specific SN rates as a function of the central
oxygen abundances of the galaxies. We detail the selec-
tion criteria for each of the subsamples in Appendix A.
In Appendix B, we show that the rates measured with
each sample are mutually consistent. The numbers of
galaxies and SNe in each subsample are summarized in
Table C1 and the properties of the galaxies in the entire
LOSS sample are given in Table C2.
3. ADDENDA TO THE ORIGINAL LOSS RATES
Before delving into correlations between SN rates and
galaxy properties, we use this section to present several
updates and extensions to the original LOSS papers.
Figures 3 and 4 of L11 show measurements of specific
SN rates as a function of galaxy stellar mass in galaxies
of different Hubble types. However, in these figures,
the rates for each type are scaled to match the rates as
measured in Sbc galaxies. This means that the scatter
of the rates in different galaxy types is not visible in the
figures (though it can be reconstructed to some degree
from the parameters of the fits to the original, unscaled
measurements, which appear in table 4 of L11), and
the rate–mass correlation appears tighter than it really
is. In Figure 1, we show similar measurements, but do
not scale them, so that their spread is apparent. In
the SN II rates, where the scatter is largest, there is a
clear progression from late-type (i.e., younger and less
massive) galaxies, where the rates are highest, to early-
type (older, more massive) galaxies. In the SE SN and
SN Ia rates, where the scatter is smaller, this trend is
not as clear.
We publish our newly calculated LOSS rates in Ta-
ble C3. L11 fit power laws to their rates and published
the fits in their Table 4. They did not, however, publish
the measurements themselves. Our rates are not identi-
cal to those measured by L11, because we use the entire
full-optimal subset of galaxies, after filling in missing
masses (see Appendix A), but leave out the 14 SNe with-
out spectroscopic classifications (see Section 2, above).
However, the differences between the LOSS sample used
here and the one used by L11 are minor and have little
effect on the resultant rates.
L11 divided their SNe into bins so that each rate bin
2 http://www.sdss3.org/dr9/algorithms/galaxy.php
3 http://www.nsatlas.org/
contained roughly the same number of SNe (“SN-fixed”
bins). This is a common practice in studies where the
SN sample sizes are either small to begin with or re-
duced owing to binning (in this case, by binning the
host galaxies according to Hubble type); we will follow
this binning scheme in the following sections. Once the
sample size is increased, though, other binning schemes
become available, such as using bins of constant stel-
lar mass (“mass-fixed” bins). It then becomes necessary
to formulate an objective, data-driven method to de-
termine the binning scheme that will extract the most
information from the sample.
To better trace the correlation between the SN rates
and stellar mass, we use a sliding mass bin of constant
width. The size of this bin depends on the size of the SN
sample and is determined by Knuth’s rule (Knuth 2006),
with the added constraint that the bin width not exceed
1 dex of M. In each iteration, the bin either gains or
loses the nearest SN to its current borders, such that in
some iterations, losing one SN on one end may lead to
a gain of several SNe on the other. In each bin i, the
specific SN rate, Ri, is measured according to
Ri =
Ni
n∑
j=1
tc,jM?,j
, (1)
where Ni is the number of SNe in the bin, M?,j is the
stellar mass of the jth galaxy in the bin, and tc,j is the
control (or visibility) time of the jth galaxy—i.e., the
time during which a given SN type could have been de-
tected by LOSS during the survey. These control times
take into account the detection efficiency of the survey,
as well as our broad knowledge of SN characteristics (i.e.,
shapes of light curve and luminosity functions). The re-
sulting rates are reported in Table C4.
We use the original LOSS control times as computed
by L11 (see also Leaman et al. 2011 and Li et al. 2011c;
see Section 5.1 for a discussion of how the inclusion of
SNe IIb in the SN II control times may affect the rates
measured here). These control times were not included
in Tables 2 and 4 of Leaman et al. (2011), which laid
out most of the properties of the LOSS galaxy and SN
samples. In order for our work to be reproducible, and
for others to continue to explore the LOSS sample, we
publish the control times in Table C1.
As can be seen in Figure 1, the sliding-bin rates di-
verge wildly at the edges of the mass range in each panel.
As the number of galaxies that goes into the denomina-
tor in Equation 1 grows smaller (as shown in the stellar
mass histograms in the bottom panels), and the number
of SNe decreases, the Poisson noise dominates, and the
rate eventually diverges. This problem also affects rates
measured with SN-fixed or mass-fixed bins (as shown in
Figure B2), but is usually not as apparent.
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The sliding-bin rates are useful for visual recognition
of possibly interesting features, such as the break and
rate ratio discussed in Section 5.1, below. However,
since they are not independent measurements, they can-
not be used for curve fitting. Thus, throughout this
work, we use SN-fixed bins for fitting purposes. The
number of bins for each fit is chosen to maximize the
number of SNe in each bin while also revealing as much
structure in the rates as possible. We repeat each fit
with a different number of bins to make sure that the
results do not change appreciably. All rates in this pa-
per are presented in units of 10−12 M−1 yr
−1, which are
abbreviated to “SNuM” (i.e., SN rate per unit mass).
In all the SN rate figures presented here, vertical er-
ror bars are 68% Poisson uncertainties, while horizontal
error bars denote the 16th and 84th percentiles of the
distribution of galaxies within each bin.
4. SN IA RATES
We fit the SN Ia rates as a function of galaxy stel-
lar mass shown in Figure 1, in all galaxies combined,
with a linear fit (i.e., a first-order polynomial) in log–
log space (not shown). The resultant slope, −0.44±0.06,
is consistent with that found by L11, −0.50± 0.10. We
also find that a suspected bend in the SN Ia rates at
∼ 5 × 1010 M, seen in Figure 1, is not statistically
significant, and conclude that the SN Ia rate evolves
smoothly over the range of galaxy mass probed here.
Several studies have now shown an anticorrelation be-
tween specific SN Ia rates and host-galaxy stellar masses
(Sullivan et al. 2006; L11; Graur & Maoz 2013). How-
ever, all of these studies noted that while the anticor-
relation was significant for star-forming galaxies, it was
unclear whether it persisted in passive galaxies as well.
Using the likelihood-ratio test (see Appendix C), we find
that while there is a significant trend in spiral galaxies
(S > 5σ), there is only a> 3σ trend in E+S0 galaxies (as
well as in S0 galaxies alone) and a trend with 2σ < S <
3σ (i.e., insignificant) trend in E galaxies. These findings
are in agreement with L11. Furthermore, we measure
SN Ia rates in star-forming (log(sSFR/yr−1) > −12)
and passive (log(sSFR/yr−1) ≤ −12) galaxies using the
sSFR sample. We find a > 5σ trend between the SN
Ia rates and galaxy stellar mass in the former, but no
trend (S < 2σ) in the latter. Our sample includes only
35 SNe Ia in E galaxies and 22 in passive ones, so the ab-
sence of a significant trend may be due to small-number
statistics. Although the LOSS galaxy sample is biased
toward high-mass galaxies, which restricts most of the
E and passive galaxies to a narrow mass range of about
1010–5×1011 M, this should not be the reason why we
find no significant trend, because S0 galaxies (with 56
SNe Ia)—for which there is a significant trend—occupy
the same mass range.
In Figure 2, we show specific SN Ia rates as a func-
tion of SFR and sSFR. The rates as a function of SFR
shown here are consistent with those from G15. As in
that work, the new rates favor a flat trend, but owing
to their large statistical uncertainties they are also con-
sistent with the G15 model rates. The G15 model could
be challenged either by measuring more precise rates or
by targeting low-mass, passive galaxies, where the G15
model predicts rates ∼ 3–4 times higher than the flat
trend.
Formally, the second set of measurements can be fit
with a simple linear function, at a significance of > 3σ.
However, it is more interesting to note that these mea-
surements follow the same pattern observed by previous
studies (Mannucci et al. 2005; Sullivan et al. 2006; Smith
et al. 2012; G15): the rates are flat in passive galaxies
and rise with rising sSFR values in star-forming galaxies.
In G15, we showed that this pattern is another result of
the interplay between the SN Ia DTD and galaxy scaling
relations.
In Figure 3, we show specific SN Ia rates vs. metallic-
ity. There is no significant correlation, but, if we replace
M? in the SN Ia rate–mass correlation with metallicity
via the galaxy scaling relations shown in Figure 4, the re-
sultant correlation is consistent with the measured rates.
Rebinning the G15 rate simulation4 according to the
metallicity values of the galaxies shows that our favored
model is also broadly consistent with the measurements.
5. CORE-COLLAPSE SUPERNOVA RATES
In this section, we show that the SE SN rates are de-
pressed, relative to the SN II rates, in low-mass galaxies.
This result, which was hinted at in L11, is more signif-
icant than first thought. We attempt to explain this
result by investigating possible correlations between the
SN rates and other galaxy properties (sSFR and metal-
licity) and show that any correlation between the SN
rates and one of the galaxy properties examined here
can be transformed, with the aid of previously known
galaxy scaling relations, into the measured correlation
with the other two galaxy properties.
5.1. CC SN Rates and Galaxy Stellar Mass
In Figure 1, we show specific CC SN rates as a function
of galaxy stellar mass. Using the likelihood-ratio test,
we find a break (i.e., a “knee” in the curve) at∼ 1010 M
in both the SN II and SE SN rates, as measured with all
galaxy types. This break has a significance of > 3–5σ,
depending on how many bins are used to calculate the
4 A combination of a t−1 DTD and the correlation between
galaxy age and stellar mass; see Graur & Maoz (2013) for more
details.
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Figure 2. Specific SN Ia rates as a function of SFR (left) and sSFR (right). The rates measured here (red squares) are consistent
with previous measurements from the literature, as marked by white symbols (Mannucci et al. 2005; Sullivan et al. 2006; Smith
et al. 2012; G15), as well as with the G15 model that combines the SN Ia DTD with the scaling relation between galaxy age
and stellar mass (dashed curve with gray 68% uncertainty region, reproduced from G15). As in Figure 1, the bottom panels
show distributions of the galaxy property in question in the SN host galaxies (color) and the entire sample (gray).
Figure 3. Specific SN Ia rates as a function of galaxy metal-
licity. A first-order polynomial fit to the data is shown as a
thick curve (though formally, there is no significant correla-
tion between the rates and metallicity). The rate–mass corre-
lation, coupled with the galaxy scaling relation between M?
and metallicity, is consistent with the measurements (thin
curve), as is the G15 rate simulation, rebinned according to
the metallicity values of the galaxies in the metallicity sam-
ple (dashed curve with gray 68% uncertainty region). SDSS
metallicity values were measured using the T04 metallicity
scale.
rates. However, this break is no longer statistically sig-
nificant when the galaxy sample is limited to Sab–Scd
galaxies, so we attribute it to the inclusion of E and S0
galaxies in the rate calculation. These galaxies, which
tend to be massive, passive galaxies, do not host CC SNe
and thus drag down the rates in the high-mass range.
The lack of a break in the CC SN rates in star-forming
Figure 4. Galaxy metallicity vs. stellar mass. Gray squares
represent the 1000 SDSS galaxies in the metallicity sample,
while colored symbols represent SN host galaxies: SNe Ia
(red squares), SE SNe (green diamonds), and SNe II (blue
circles). The curves are linear fits to these datasets in log–log
space. The solid line is a fit to all 1000 galaxies, while the
dashed lines are fits to the separate SN host samples. The
line colors match those of the symbols. SDSS metallicity
values were measured using the T04 metallicity scale.
galaxies implies a smooth dependence of the rate on ei-
ther SFR or a combination of galaxy properties, such as
SFR and metallicity.
The sliding bin used to calculate the rates shown in
Figure 1 also makes it appear as if there is a dip in
the SE SN rates at ∼ 6 × 109 M. We attribute this
to Poisson noise stemming from the width of the bin.
This dip disappears in Figure B2, where we use different
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techniques to measure the rates in discrete bins.
We measure the slopes of the SE SN and SN II rates
as a function of galaxy stellar mass and find that the SE
SN rates have a shallower decline with stellar mass than
the SN II rates: −0.46± 0.10 (−0.64± 0.09) as opposed
to −0.68±0.05 (−0.84±0.05), as fit when using Sab–Scd
(all) galaxies. L11, on the other hand, found that the
SE SN and SN II rates had identical slopes (0.55±0.10).
Although the values of the slopes depend on which
galaxy sample we use to derive the rates, the ratio of the
SE SN to SN II rates, RSE/RII, shown in Figure 5 and
collected in Table C5, has the same structure: it rises
from 0.2 to 0.6 in galaxies with masses . 2× 1010 M,
then remains constant. L11 made a similar measure-
ment of the ratio of the SE SN rates to the total CC
SN rate. They noted that the lowest-mass measurement
was lower than the others, but that this was only a 2σ ef-
fect. As shown in Figure 5, a likelihood-ratio test shows
that either a first- or second-order polynomial provides a
better fit to RSE/RII than a constant (i.e., zeroth-order
polynomial, which represents the possibility that there is
no trend), at a significance of > 3σ. Varying the number
of bins and the mass range over which the test is per-
formed results in similar significance values. Altogether,
this means that the trend we see in the ratio between
the SN rates is not simply a result of the uncertainties of
the measurements, but a real effect. We note that L11
included systematic uncertainties in their rates, while
we only consider statistical uncertainties. However, as
the SE SN and SN II rates should suffer from similar
systematics, the ratio between the rates should only be
affected by the statistical uncertainties.
When they computed the SN control times, L11
treated SNe IIb as SNe II, though they are considered
to be a type of SE SN (e.g., Filippenko 1988, 1997; Fil-
ippenko et al. 1993). In this work, we have chosen not
to recalculate the control times, so our SN II rates re-
main contaminated by SNe IIb. To test whether this is
the reason for the deficiency of SE SNe relative to SNe
II in low-mass galaxies, we remeasure the SN rates, us-
ing the same control times but with SNe IIb removed
from the SN II sample and added to the SE SN sample.
The resulting rates will not be strictly correct, but will
reveal whether the addition of the SNe IIb to the SE
SN sample can make up for the deficit. In Figure 6, we
show that the number of SNe IIb in low-mass galaxies,
while of the same order of magnitude as other SE SNe,
is not enough to make up for the deficiency of SE SNe
in low-mass galaxies relative to SNe II.
The deficiency of SE SNe in low-mass galaxies could
also be explained by a bias on the part of the LOSS sur-
vey toward this SN type, but we have no reason to think
that such a bias exists. First, all SNe should be eas-
ier to discover in low-mass (and hence lower-luminosity)
Figure 5. The ratio between the SE SN and SN II rates.
The diamonds mark the rate-ratio measurements in bins with
roughly equal log(M?) values. The black curve indicates the
rate-ratio measured by interpolating the SN II rates mea-
sured with a sliding bin to those of the SE SN rates and is
shown here only to guide the eye. The shaded region, as
well as the vertical error bars, represent the 16th and 84th
percentiles of the distribution that results from dividing the
Poisson distributions of the numbers of SE SNe and SNe II in
each bin. The red dashed, blue dot-dashed, and green dot-
ted curves are zeroth-, first-, and second-order polynomial
fits to the mass-binned measurements. The likelihood-ratio
test for these fits shows that the first-order polynomial is a
better fit than the zeroth-order polynomial at a > 4σ sig-
nificance; the second-order polynomial is a better fit than
the zeroth-order polynomial at a > 3σ significance. How-
ever, the likelihood ratio test does not favor either the 1st-
or 2nd-order polynomial (they are consistent with each other
at a < 2σ significance level).
galaxies, where the contrast between the SN and galaxy
light is greater than in more massive galaxies. Second,
on average, SE SNe are more luminous than SNe II (e.g.,
L11b; Drout et al. 2011; Kiewe et al. 2012; Richardson
et al. 2014). At the same time, they brighten and de-
cline faster than SNe II. The latter are dominated by
SNe IIP, which have a long plateau phase of ∼ 100 days
shortly after explosion. These properties are accounted
for in the control times, which end up being very sim-
ilar for SE SNe and SNe II. We show this similarity
in Figure 7, where the control times in galaxies with
M? . 1010 M, which lie in the range 4–6 yr, are very
similar for both SN types. The SN II control times are
larger by ∼ 1/3, which means the survey is more sensi-
tive to them in these low-mass galaxies. However, this
small difference is not enough to balance the factor ∼ 10
difference between the number of SNe II and SE SNe in
these galaxies, as seen in Figure 6.
Finally, we must take into consideration the targeted
nature of LOSS. This survey targeted large, massive
galaxies, so that while it is complete down to galax-
ies with absolute K-band magnitudes of −24, it is de-
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Figure 6. The distribution of SN IIb host-galaxy stellar
masses (purple) plotted against those of SE SN (green) and
SN II host galaxies (without SNe IIb; blue). While adding
the SNe IIb in galaxies with stellar masses ≤ 1010 M would
roughly double the SE SN sample in the range 109 < M? <
1010 M, there are still roughly five times more SNe II in
that range. The inset shows the resultant ratios between
SE SN and SN II rates when the SNe IIb are treated as
SNe II (black solid) or as SE SNe (purple dashed). While
the scaling of the latter ratio is slightly higher, the general
trend—lower SE SN rates relative to the SN II rates in galax-
ies with M? < 10
10 M—is still present.
ficient in low-luminosity galaxies. So, if SE SNe pref-
erentially explode in low-luminosity galaxies, the LOSS
sample might be biased against them. However, in this
work we measure the ratio between the SE SN and
SN II rates, which gradually declines in galaxies with
M? . 1010 M. Thus, even if the incompleteness of
the galaxy sample were to translate into a systematic
effect on the SN rates, that effect should be identical
for all SN types and should cancel out (for why would
LOSS know to preferentially select low-luminosity galax-
ies that hosted one kind of SN over another?).
5.2. CC SN Rates and Star Formation Rates
In Figure 8, we plot specific SN rates as a function of
galaxy sSFR (reported in Table C6). Our measurements
are consistent with the SN II rates from G15 and com-
bined CC SN rates from Botticella et al. (2012). While
we find no CC SNe in passive galaxies, we note that there
are one SE SN and 11 SNe II in galaxies with very low
sSFRs: log(sSFR/yr−1) < −11. As we explain in Ap-
pendix A, this may be due to a known problem with the
SDSS pipeline, which “shreds” large angular-size galax-
ies into multiple components. While we have corrected
for this by measuring our own sSFRs from NSA photom-
etry, the largest (and hence most massive and with the
lowest sSFR) galaxies may still suffer from some resid-
ual shredding. Thus, the polynomial fits shown in Fig-
Figure 7. The distribution of SE SN (green) and SN II (blue)
control times in the LOSS sample. The inset shows the distri-
bution of SE SN control times as a function of galaxy stellar
mass. The red dashed line marks a threshold of 1010 M.
In galaxies below this threshold, the control times are longer
(i.e., the survey is more sensitive to SE SNe) and are clus-
tered in the range 4–6 yr. In this range the SN II and SE SN
control times are very similar, with a slight advantage for
SNe II, which have control times larger by roughly a third.
This difference is not enough to offset the order of magnitude
difference in the number of SE SNe and SNe II discovered in
low-mass galaxies.
ure 8 were only fit to the measurements in galaxies with
log(sSFR/yr−1) ≥ −11. The resultant fits are consis-
tent with the low-sSFR measurements as well. We find
slopes of 0.8± 0.5 for SE SNe and 0.9± 0.2 for SNe II.
These values are consistent with the slope of 1.33+0.41−0.35
found by G15 for SNe II. The SN II slope is also consis-
tent with a slope of 1. Since the progenitors of SNe IIP,
which make up the bulk of SNe II, are red supergiants,
we expect the SN II rate to be directly proportional to
the sSFR of the stellar population to which it belongs.
The SN II and SE SN rate slopes are consistent with
each other. Formally, though, the SE SN rates have a
slightly shallower slope than the SN II rates. If this dif-
ference between the slopes was confirmed with a larger
SN sample, it would be in line with the trend we ob-
serve in low-mass galaxies, which are, on average, more
star-forming. This should be confirmed with a larger
SN sample. We also note that in G15 we showed that
the rate–mass correlation could be transformed into the
rate-sSFR correlation by plugging in the galaxy scaling
relations between stellar mass and sSFR. This remains
true here.
5.3. CC SN Rates and Metallicities
In Figure 9, we show specific SN rates as a function
of galaxy metallicity (collected in Table C6). Because
these metallicity values are derived from SDSS spectra
of the galaxies, they represent the metallicity value in
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Figure 8. Specific CC SN rates as a function of sSFR. Poly-
nomial fits to the SN II (blue circles) and SE SN (green
diamonds) rates are consistent with each other and with a
slope of 1, which is expected if all stars above a certain mass
threshold end up exploding as members of these SN fami-
lies. Formally, the SE SN rates have a shallower correlation
with sSFR than the SN II rates, echoing the deficiency of
SE SNe in low-mass galaxies shown in Figure 5. A larger
sample of SNe is required to confirm this trend. For display
purposes only, the SN II rate in low-sSFR galaxies has been
shifted to the right by 0.1 dex. White triangles denote CC
SN rates measured by Botticella et al. (2012). Measurements
from G15, which only included SNe IIP and IIL, are shown
as white squares.
the centers of the galaxies alone. Many studies have
shown that galaxies have metallicity gradients, where
the metallicity decreases as a function of the distance
from the galaxy center (e.g., Diaz 1989; Zaritsky et al.
1994; Garnett et al. 1997; Henry & Worthey 1999; Rolle-
ston et al. 2000; Sa´nchez et al. 2012b). Some studies
have shown that in certain galaxies, this gradient flat-
tens or even falls off in the centers of the galaxies (e.g.,
Diaz 1989; Vila-Costas & Edmunds 1992; Bresolin et al.
2009; Rosales-Ortega et al. 2011). This means that the
metallicities at the locations of the SNe are bound to be
different from those measured from the SDSS spectra
and used here (Modjaz et al. 2011).
However, the central metallicity values can still be
used as a proxy for the local values, in certain circum-
stances. Recently, Galbany et al. (2016) used integral-
field unit spectroscopy of 115 CALIFA (Calar Alto
Legacy Integral Field Area Survey; Sa´nchez et al. 2012a)
galaxies that hosted 132 SNe to study biases between
metallicities measured in different locations and with
different fiber apertures. This sample is similar to LOSS
in both stellar mass and redshift range. From their Table
5, one can see that central metallicity values are system-
atically higher than local values. However, these biases
are small, < 0.1 dex (though this specific result may be
due to the small dynamical range afforded by the Marino
Figure 9. Specific SN rates as a function of galaxy metal-
licity, as measured in bins with roughly equal numbers of
SNe (symbols). The bottom panel shows the distribution of
galaxy metallicity, overlaid with similar distribution for host
galaxies of SE SNe (green) and SNe II (blue). There is a
> 5σ anticorrelation between the SN II rates and metallicity
values, but no statistically significant correlation for SE SNe
(thick curves). The correlation of the rates with metallicity
can be explained through well-known correlations between
galaxy properties. By substituting the correlation between
galaxy stellar mass and metallicity shown in Figure 4 into
the anticorrelation between SN rates and stellar mass, we
get the thin black curves, which are consistent with the mea-
surements. SDSS metallicity values were measured using the
T04 metallicity scale.
et al. 2013 metallicity scaling used in that work). This
result is consistent with the previous claim by Sanders
et al. (2012) that central metallicities are equal to lo-
cal values to within 0.1 dex (though Sanders et al. 2012
used higher-redshift galaxies with smaller angular sizes
than either the LOSS or CALIFA galaxies).
Galbany et al. (2016) found that the best proxy for
the local metallicity was a combination of the central
metallicity and the metallicity gradient of the galaxy.
Measuring the metallicity gradients of the LOSS galaxies
is beyond the scope of this paper. Thus, in this work,
we use the central metallicities measured by Galsepc as
a proxy for the metallicities at the locations of the SNe,
but note that the metallicities at the locations of the
SNe are expected to be lower than the values used here.
We find no statistically significant differences between
the slopes of the mass-metallicity correlations for the
different SN types. On the other hand, we find a sig-
nificant (> 5σ) anticorrelation between the specific SN
II rates and metallicity. Formally, the SE SN rates ex-
hibit a similar anticorrelation with metallicity, but ow-
ing to the large uncertainties of the measurements, this
trend is not statistically significant. It would be sur-
prising to find any sort of trend between SN II rates
and metallicity, were this correlation assumed to imply
SN Rates in LOSS, I 11
a relation. This trend can, however, be easily explained
away by combining the galaxy scaling relation between
stellar mass and metallicity, shown in Figure 4, and the
observation that the SN II rates decrease with increas-
ing galaxy stellar mass, shown in Figure 1. When this
scaling relation is inserted into the SN II rate–mass cor-
relation, the result provides a good fit to the rates vs.
metallicity. Using scaling relations obtained by fitting
only SN host galaxies provides the same result. Thus,
the trend between SN II rates and metallicity can be
attributed to galaxy scaling relations and not to any
intrinsic dependence of SN II rates on metallicity. We
discuss this further in Section 6.1, below.
The above holds true for SE SNe as well. While the
thick curve in Figure 9 shows a formal fit to the data,
the thin curve is the result of inserting the galaxy scaling
relation into the rate–mass correlation. As in Figure 8,
while the slopes of the fits to the SE SN and SN II rates
hint at a deficiency of SE SNe in low-metallicity (hence,
low-mass) galaxies, due to the size of the metallicity
sample, this effect is not statistically significant.
The MPA-JHU Galspec metallicity values were mea-
sured using the T04 scale, which is based on the [O II]
λ3727, Hβ, [O III] λ5007, [N II] λλ6548, 6584, and [S II]
λλ6716, 6731 emission lines (Brinchmann et al. 2004).
Kewley & Ellison (2008), Andrews & Martini (2013),
and Salim et al. (2014) have shown that the strengths
of the correlations between stellar mass and metallic-
ity, as well as sSFR and metallicity, depend on how the
metallicities were measured and what calibration scale
was used (see also Modjaz et al. 2008). This means
that care must be taken when comparing galaxy sam-
ples with metallicities measured using different methods
and scales. In this work, we only use Galspec metallic-
ities and measure empirical galaxy scaling relations for
the specific galaxies in our metallicity subsample. Thus,
even though Salim et al. (2014) have shown that the
correlation between sSFR and metallicity using the T04
method is weaker than when using metallicities mea-
sured with other methods, our conclusion that any corre-
lation between the SN rates and one galaxy property can
be converted, through galaxy scaling relations, into the
measured correlations with the two other galaxy prop-
erties examined here is internally consistent.
6. DISCUSSION
Here, we compare the rate correlations we observe to
similar measurements from the literature as well as pre-
dictions from theoretical models.
6.1. CC SN Rates vs. Number Ratios
In Figure 10, we compare between our measurements
of the ratio between the SE SN and SN II rates, RSE/RII,
and measured ratio of the numbers of SE SNe and SNe
II, NSE/NII from the literature, as well as model pre-
dictions for RSE/RII. We find that our rate ratios are
broadly consistent with previous number-ratio measure-
ments, as well as models that assume a significant frac-
tion of SE SNe arise from interacting binary systems,
rather than solely single stars.
As we explain in detail below, our measurements dif-
fer from, and add to, previous works on the following
points: (1) they are based on absolute rates, as opposed
to number ratios; (2) they are derived from the well-
understood, homogeneous LOSS SN sample; and (3)
they sample higher metallicity values than other stud-
ies, at which the ratio might be leveling out instead of
continuing to increase monotonically (a statistically sig-
nificant trend, as we have shown in Section 5.1).
Figure 10 compares between several studies, each of
which included different types of SNe in their ratios and
used different methods to estimate metallicities.
Prieto et al. (2008), Boissier & Prantzos (2009), and
Anderson et al. (2015) measured the number ratio of
SNe Ibc to SNe II. In these cases, “SNe Ibc” referred to
SNe Ib, Ic, and SNe that might have been either of these
(usually referred to as SNe Ib/c). These studies do not
mention SNe IIb by name, and we assume they were in-
cluded in the SN II category (for Anderson et al. 2015,
this has been ascertained through private communica-
tion with J. Anderson). Kelly & Kirshner (2012) explic-
itly included SNe IIb in the numerator of their number
ratio (i.e., Ibc+IIb/II), whereas we included SNe IIb in
the denominator, as explained in Section 5.1. In that
section, we also showed that moving the SNe IIb from
the SN II to SE SN column did not have an appreciable
effect on our rate-ratio measurements.
As for metallicity, Prieto et al. (2008) and Kelly &
Kirshner (2012) used SDSS metallicities measured by
the MPA-JHU pipeline, using the T04 scale (see Sec-
tion 5.3 for details). Kelly & Kirshner (2012) specifi-
cally chose SDSS fibers closest to the SN explosion sites.
Boissier & Prantzos (2009) relied on the correlation be-
tween galaxy luminosity (i.e., mass) and metallicity to
estimate global metallicities, and galaxy metallicity gra-
dients to estimate metallicities at the explosion sites (in
Figure 10, we reproduce the latter). Anderson et al.
(2015) conducted a meta-analysis of oxygen abundances
in host-galaxy HII region at the SN explosion sites, in
the PP04-O3N2 scale (Pettini & Pagel 2004). Here, we
have converted these values to the T04 scale via the
conversion factors from Kewley & Ellison (2008). Fi-
nally, we converted our rate-ratio measurements as a
function of stellar mass from Figure 5 into rate ratios
vs. metallicity (reported in Table C5) via the empiri-
cal mass-metallicity correlation from Table C7 (for all
galaxies).
Two surveys are not represented in Figure 10. Arcavi
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Figure 10. The ratio between the SE SN and SN II rates, as
a function of metallicity (G17, i.e., this work, black squares).
Previous works from the literature, which measured the ra-
tio between the numbers of SE SNe and SNe II, NSE/NII,
are shown as open symbols: Prieto et al. (2008, P08, pur-
ple downturned triangles); Boissier & Prantzos (2009, BP09,
green diamonds); Kelly & Kirshner (2012, KK12, Z: red
right-facing triangles, based on spectroscopic metallicities;
KK12, M?: blue upturned triangles, based on stellar masses
and the mass–metallicity correlation of Tremonti et al. 2004);
and Anderson et al. (2015, A15, orange circles). Our mea-
surements are consistent with all past studies, except for An-
derson et al. (2015), whose combined SN sample was biased
towards SE SNe. We add measurements at 12 + log(O/H) &
9.2, where the ratio between the rates levels off. BPASS mod-
els (v1: Eldridge et al. 2008, v2: Eldridge & Stanway 2016;
Stanway et al. 2016) for single stars (dotted and dotted–
dashed) are inconsistent with all measurements. Binary
models (dashed and solid), on the other hand, are broadly
consistent with the observations, whether they include black
holes produced during core collapse (+BH, thin solid) or not
(−BH, thick solid).
(2012) measured NIbc/NII ratios (SNe IIb were treated
as SNe II) as a function of host-galaxy luminosity, but
there does not seem to be a significant trend in their
measurements. We do not show these measurements in
Figure 10, but note that as they vary in the range ≈ 0.2–
0.4, they would be broadly consistent with the other
measurements in the plot. Hakobyan et al. (2012, 2014)
used a subsample of SNe from the Asiago Supernova
Catalog (Barbon et al. 1999) and the Sternberg Astro-
nomical Institute (SAI) Supernova Catalog (Tsvetkov
et al. 2004) to measure NIbc/NII in galaxies with differ-
ent morphologies and disturbance levels (e.g., interact-
ing vs. merging galaxies). They found that NIbc/NII
is lower in late-type (Sc–Sm) galaxies than in early-type
(S0/a–Sbc) at a 5% significance level, which is consistent
with the trend we observe. As in this work, Hakobyan
et al. (2014) included SNe IIb in the SN II bin.
The biggest difference between our measurements and
those of previous studies is that we measure the ratio of
SN rates, as opposed to numbers. The rates take into ac-
count both the numbers of observed SNe and, through
the control times, the survey’s sensitivity to different
types of SNe. Normalized by the mass of the stars sur-
veyed for SNe in each galaxy, these rates are an accu-
rate representation of the numbers of SNe produced by a
given stellar population. SN numbers, on their own, can
also be used to compare between different SN types and
to connect between SNe and local stellar populations,
but only if those numbers come from a complete sample
that takes into account SNe missed by the survey.5
Arcavi (2012) does not discuss the composition of the
Palomar Transient Factory (PTF) sample, so its comple-
tion cannot be ascertained. Boissier & Prantzos (2009),
Kelly & Kirshner (2012), and Hakobyan et al. (2014)
used the Asiago and SAI catalogs. Both of these are
inhomogeneous collections of SNe reported by different
surveys, each with its own, sometimes unknown, detec-
tion and classification biases.6
Prieto et al. (2008) and Boissier & Prantzos (2009)
limited the redshift range of their SN samples in order
to turn them into quasi-complete samples. Kelly & Kir-
shner (2012) found that the different CC SN subtypes in
their sample broadly followed the same redshift distribu-
tion, from which they concluded that the surveys from
which these SNe originated had similar control times
for the various CC SN subtypes. The consistency of
the NSE/NII measurements of these studies with our
RSE/RII measurements shows that these attempts to
make their samples complete were, on the whole, suc-
cessful.
On the other hand, Anderson et al. (2015) did not
try to limit their sample. They drew SNe from several
studies that attempted to measure metallicities at the
SN explosion sites (see their section 3.3), and so were
biased toward SE SNe. This explains why their mea-
surements are inconsistent with all the others in Fig-
ure 10, and why their number ratios are biased to more
SE SNe rather than SNe II. As we measure rate ratios,
and the rates are derived from the homogeneous, well-
understood LOSS SN sample, our measurements are not
subject to these concerns.
Because the LOSS galaxy sample is biased toward
massive galaxies, our rate ratios cover a range of higher
metallicity values that was not covered by previous sur-
veys. In this range, the rate ratio might be leveling out
instead of continuing to rise monotonically, as one might
5 We expand on this in Paper II, where we use a complete
subsample of LOSS SNe to measure SN population fractions.
6 For example, Boissier & Prantzos (2009) report a ratio of
1.53 ± 0.35 between SNe Ic and Ib, whereas in Shivvers et al.
(2017), we show that with proper classification, the ratio is actu-
ally 0.6± 0.3.
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extrapolate from previous studies. If metallicity alone is
the driver of the CC SN rate correlations, this plateau
would imply that above some threshold, higher metal-
licity values would have no effect on SE SN progenitors.
6.2. Constraints on SE SN progenitors
In Figure 10, we compare the different rate- and
number-ratio measurements to model predictions de-
rived with the Binary Population and Spectral Synthe-
sis code (BPASS; version 1: Eldridge et al. 2008, version
2: Eldridge & Stanway 2016; Stanway et al. 2016). The
BPASS models include predictions for single-star as well
as interacting binary progenitors. The BPASS v2 binary
models are split between a model that includes all SNe
produced during core collapse and a model where SNe
that produce a black hole during core collapse are re-
moved. There is growing evidence that at least for some
SNe, formation of a black hole makes it difficult to ob-
serve the events (Gerke et al. 2015; Smartt 2015). There-
fore, removing such events from model predictions pro-
vides an estimate of their contribution to the SN rates.
While observational studies report oxygen abun-
dances, stellar evolutionary models use the metallicity
mass fraction Z, and in particular the iron mass frac-
tion of the SN progenitor, since it sets the mass loss
of the pre-explosion star (e.g., Vink & de Koter 2005)
and the opacity of the stellar envelope (and therefore,
e.g., the lifetime and luminosity of the star on the main
sequence). Given the uncertainty in the measurement
for the solar oxygen abundance, as well as in the re-
lationship between iron and oxygen abundances (for a
review on SN metallicity studies and their caveats, see,
e.g., Modjaz 2011; Anderson et al. 2015), the systematic
uncertainties in comparing metallicities from stellar evo-
lutionary models to observed abundances are estimated
to be on the order of 0.1 dex.
The BPASS models based on single-star evolution con-
sistently fail to produce enough SE SNe (see also, e.g.,
Smith et al. 2011), as the minimum initial mass for SE
SN progenitors is quite constant at high metallicities
(the minimum mass for SN II progenitors rises slightly
with increasing metallicity, but the overall rate is mostly
affected by the minimum mass set by the initial mass
function (IMF)) and because they are limited by the
amount of mass loss that stars with M? < 20 M re-
quire to strip their hydrogen layer before exploding.
Models that assume that a majority of SE SNe are
produced in binaries are broadly consistent with the var-
ious number and rate ratios, whether they include SNe
that produce black holes during core collapse or not.
However, it is intriguing that all such models are off-
set from the rate ratio at 12 + log(O/H) > 9 by ∼ 0.2
dex (though this may be consistent with the systematic
uncertainties in comparing metallicities from stellar evo-
lutionary models to observed abundances). The BPASS
models do not extend beyond 12 + log(O/H) = 9.3, but
their extrapolation to higher metallicities (shown as the
area between the last measured value and the linear ex-
trapolation of that value) is consistent with our mea-
surements.
These conclusions are consistent with previous stud-
ies that have preferred binaries over single stars as SE
SN progenitors, e.g., through studies of relative rates
(e.g., Smith et al. 2011; Shivvers et al. 2017) or com-
parisons of the ejecta masses of observed SE SNe (e.g.,
Drout et al. 2011; Cano 2013; Lyman et al. 2016) and
the estimated masses of Wolf–Rayet stars at the time
of explosion (e.g., Meynet & Maeder 2003; Yoon 2015).
We note that Groh et al. (2013b) used rapidly rotat-
ing single stars to reproduce observed SE SN rates, but
had to invoke high mass-loss rates, which might not be
physical (e.g., Smith 2014).
The most direct method to identify SN progenitors
remains the detection of candidate progenitors in pre-
explosion imaging. The majority of SE SN pre-explosion
observations provide only nondetections and thus upper
limits on the luminosity of the progenitors (e.g., Graur
& Maoz 2012; Eldridge et al. 2013; Smartt 2015). The
only case of a detected SE SN progenitor was for the SN
Ib iPTF 13bvn by Cao et al. (2013), who identified the
progenitor as a Wolf–Rayet star. Bersten et al. (2014),
on the other hand, argued that the pre-explosion source
and the ejecta mass derived from the SN light curve were
consistent with an interacting binary as the progenitor.
This was consistent with the prediction of Yoon et al.
(2012) that a lower-mass helium star in a binary would
be the first SE SN progenitor to be detected. Groh
et al. (2013a) suggested a rapidly rotating star as an
alternative explanation, but its final ejecta mass would
have been higher than that inferred from the light curve.
Eldridge & Maund (2016) and Folatelli et al. (2016) have
reported the disappearance of the progenitor in late-time
images and concluded that the progenitor was part of a
binary system.
In summary, for single stars to reproduce the observa-
tional constraints described above, they typically require
either rapid rotation or high mass-loss rates. These are
inconsistent with the rotation and mass-loss rates of ob-
served stellar populations. Binary models, and specif-
ically the BPASS models used in this work, are able
to match all of these observation (Eldridge et al. 2013;
Eldridge & Maund 2016; Lyman et al. 2016), using a dis-
tribution of binaries that is similar to the observed dis-
tribution, and without requiring fine tuning (e.g., Sana
et al. 2012).
6.3. Correlation vs. Causation
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Our results provide an ideal example of the old adage
that “correlation does not imply causation.” Although
we measure several strong correlations between SN rates
(of various types) and different galaxy properties, we
show throughout this paper that by using well-known
galaxy scaling relations we can turn a correlation be-
tween the SN rates and one galaxy property into any of
the other correlations measured here. This means that
we cannot tell which galaxy property, or combination of
properties, is the cause of these correlations.
There are theoretical reasons to expect that the fates
of massive stars could be determined in part by metallic-
ity (e.g., Langer 2012; Smith 2014; Yoon 2015) or SFR
conditions (e.g., because galaxies with high sSFRs may
have altered IMFs or because they may possess dense
clusters with a high number of dynamical interactions;
Habergham et al. 2010; Gunawardhana et al. 2011; Sana
et al. 2012; Geha et al. 2013; Weidner et al. 2013; Pa-
storello et al. 2014), but it is not clear how the total
mass of the galaxy would impact the death of one or
two massive local stars. On their own, though, our data
do not allow us to either prove or disprove these claims.
It is tempting to assume that SN II rates are only
dependent on a galaxy’s SFR, or that the SE SN rates
depend on metallicity. Previous works have made such
claims (e.g., Boissier & Prantzos 2009). We made a
similar error when, in G15, we claimed that our model
for the SN Ia rates was self-consistent because it fit not
only the rates vs. stellar mass, but also the rates vs.
SFR and sSFR; because of the galaxy scaling relations,
once a model is fit to one correlation it will automatically
fit the others.
Thus, the mere existence of correlations between SN
rates and galaxy properties cannot be used to con-
strain SN progenitor models. Instead, we suggest con-
centrating on emergent structures within the SN rate
correlations. For example, the model we use to ex-
plain the SN Ia rate correlations predicts that the rates
should plateau in galaxies with M? < 10
9 M and
M? > 10
11 M. Likewise, any model for the progenitors
of SE SNe, whether it depends on metallicity, binarity,
or rotation (or some combination of these properties;
e.g., de Mink et al. 2013, 2014), should explain why the
efficiency of SE SN production, relative to SN II pro-
duction, rises as a function of galaxy stellar mass, but
levels out in galaxies more massive than ∼ 2×1010 M.
Such a model should also produce a smooth dependence
between the rates and the different galaxy properties
examined here. For example, Ibeling & Heger (2013)
predict a complicated relation between the metallicity
of CC SN progenitors and the minimum mass at which
they should explode. Within the metallicity range tested
here, this relation is smooth and broadly consistent with
our measurements. However, if the SN II and SE SN
Figure 11. Specific SFR vs. metallicity of a subsample of
the LOSS galaxy sample (gray circles. Host galaxies of SNe
Ia, SE SNe, and SNe II are marked as in previous figures.
The size of the symbols scales as log(M?/M) of the galaxies.
The histograms on the top and side panels show the distribu-
tions of galaxies in sSFR and metallicity, respectively. The
host galaxies of all SN types seem to be distributed evenly
within the LOSS sample, with no preference for either sSFR
or metallicity.
rates remain smooth over a larger metallicity range, that
would pose a challenge to this model.
Because the galaxy scaling relations connect between
the different SN correlations shown here, we also suggest
concentrating on measurements of the rates as a function
of either galaxy stellar mass or luminosity, as these are
the most straightforward properties to measure.
A possible way to ascertain which of the galaxy prop-
erties examined here is responsible for the deficiency of
the SE SN rates in low-mass galaxies is to follow Per-
ley et al. (2016) and Chen et al. (2016), who compared
the stellar masses, sSFRs, and metallicities of the host
galaxies of superluminous SNe with those of a complete
local galaxy sample (from the Local Volume Legacy Sur-
vey, which includes 258 galaxies out to 11 Mpc; Kenni-
cutt et al. 2008; Dale et al. 2009). Such a comparison
allows one to test whether the SN host galaxies diverge
from the rest of the galaxies in one of the galaxy pa-
rameters, or in two or more. Although the LOSS galaxy
sample is not complete, we can still use it to test for
divergences within the sample.
Figure 11 shows a subsample of 875 LOSS galaxies
that have both Galspec metallicities and sSFR measure-
ments derived from NSA photometry. Within this sub-
sample, we find no significant divergence between the
SN host galaxies and the majority of the galaxies in the
subsample either in metallicity or in sSFR. We caution
that this may simply reflect the size of the subsample
used here (< 10% of the full LOSS sample) or the lack of
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low-luminosity galaxies in LOSS. It would be a worth-
while endeavor to measure sSFRs and metallicities for
all of the LOSS SN host galaxies, or at least for the
SN-complete, volume-limited subsample (see Paper II),
to mitigate the effect of the sample size. To facilitate
similar tests to that in Perley et al. (2016), future SN
surveys should also strive to target galaxy samples that
are representative of the galaxy luminosity function.
Alternatively, one could try to remove the effect of the
galaxy scaling relations on the rate correlations. With a
sufficiently large SN sample, such as the one that will be
created by the Large Synoptic Survey Telescope (LSST
Science Collaboration et al. 2009), one could single out
SN host galaxies within a narrow mass range and then
look for correlations with other galaxy properties. A
different path would be to correlate the SN rates with
explosion-site properties (the galaxy scaling relations in-
voked throughout this work have only been established
for global galaxy properties). Integral-field unit spec-
troscopy of the LOSS galaxy sample would turn it into
a survey of distinct star-forming regions. One could then
not only measure rates as a function of local properties,
but also sample the DTDs of the different SN subtypes
directly, as done by Maoz & Badenes (2010) and Maoz
et al. (2011).
7. SUMMARY AND CONCLUSIONS
This is the first of a series of papers in which we
reanalyze the LOSS SN rates. Here, we matched the
LOSS galaxy sample with SDSS and then remeasured
the LOSS SN rates as a function of various global prop-
erties of galaxies: stellar mass, star-formation rates, and
metallicity (in the form of nebular oxygen abundance).
All of these measurements, including the control times
necessary to compute them, are made public through
the various tables in this work. We make the following
observations.
1. The specific SN II rates are strongly correlated
with all galaxy properties measured here. SE SN
and SN Ia rates show strong correlations with stel-
lar mass and sSFR, but not with nuclear metallic-
ity.
2. The SN Ia rate–mass correlation is statistically sig-
nificant in star-forming galaxies, but not in passive
ones, as also noted by Sullivan et al. (2006).
3. The SN Ia rates are well fit by a model that com-
bines a t−1 DTD with the galaxy mass–age scaling
relation (Figures 2 and 3), as suggested by Kistler
et al. (2013), Graur & Maoz (2013), and G15.
4. The ratio between SE SN and SN II rates rises with
galaxy stellar mass until it flattens in galaxies with
M? & 1010 M (or 12+log(O/H) & 9.2) (Figures 5
and 10). This trend is statistically significant, at
a > 3σ level.
5. The rate ratio measurements rule out single stars
as progenitors of SE SNe, but are consistent with
models that assume binary-system progenitors, as
suggested by earlier works (Figure 10).
6. Similar deficiencies in the SE SN rates relative to
the SN II rates are seen when correlating the rates
with other galaxy properties, though those trends
are not statistically significant (Figures 8 and 9).
7. The SN II and SE SN correlations do not exhibit
significant breaks, which means that their under-
lying dependence on any of the galaxy properties
studied here (or a combination of these proper-
ties) must be smooth within the dynamical range
probed in this work.
8. SE SN host galaxies follow the same distribution in
sSFR vs. metallicity space as SN II host galaxies
and LOSS galaxies that did not host SNe during
the survey.
Although the correlations shown here are broadly con-
sistent with those shown in previous studies, the results
of this work differ from previous studies by being based
on absolute SN rates derived from a homogeneous, well-
characterized SN sample. The LOSS sample, which is
biased toward massive galaxies, has allowed us to sample
a higher metallicity range than previous studies. Inter-
estingly, in this range, the statistically significant cor-
relation between the ratio of SE SN to SN II rates and
galaxy stellar mass (or metallicity) levels off instead of
continuing to increase monotonically.
We have shown that, owing to the known galaxy scal-
ing relations, any correlation between the SN rates—
of any SN type—and a specific galaxy property can
be transformed into the measured correlations with the
other galaxy properties studied here. This precludes
us from ascertaining which of the galaxy properties (or
some combination of them) is responsible for the cor-
relations we observe or for the deficiency of SE SNe in
low-mass galaxies. We have outlined several methods
that might allow us to bypass this problem in future
experiments.
Finally, we have also enriched the LOSS sample with
additional galaxy properties and the publication of the
SN control times, so that further studies can be under-
taken with this sample.
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APPENDIX
A. SAMPLE CONSTRUCTION DETAILS
L11 measured the LOSS SN rates in a subsample
of the LOSS galaxies, termed the “full-optimal” sam-
ple, which excluded (1) highly inclined galaxies, namely
those galaxies with inclinations i > 75◦, where the incli-
nations were calculated according to the formula from
Hubble (1926) and measurements of the apparent ma-
jor and minor axes of the galaxies (see Equation 2 of
Leaman et al. 2011); and (2) small (major axis < 1′),
early-type (E–S0) galaxies, as those were found to have
lower SN detection efficiencies, at any SN magnitude,
relative to the other galaxies in the sample, due to SNe
being obscured by the bright nuclear regions of these
galaxies. L11 further restricted the sample used for rate
measurements to galaxies of Hubble types E–Scd for SNe
Ia and Sab–Scd for CC SNe, as the other types of galax-
ies hosted very few (< 5) or no SNe during the survey.
We also use the full-optimal subsample, but do not ap-
ply this last criterion to the LOSS galaxy sample.
To estimate the masses of the LOSS galaxies, Lea-
man et al. (2011) used B- and K-band photometry ac-
quired from the HyperLeda database and Equation 1
from Mannucci et al. (2005), reproduced here as
log
(
M?/LK
M/L
)
= 0.212(B −K)− 0.959, (A1)
where M? is the stellar mass of the galaxy and LK is its
luminosity in the K band.
In Figure A1, we compare the stellar masses of 3855
galaxies that have nonzero LOSS and Galspec stellar
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masses, and find that the LOSS masses are systemat-
ically larger than the Galspec masses by 0.1 dex. For
consistency between the LOSS and SDSS “sSFR” and
“metallicity” samples, throughout this work we scale
down the LOSS stellar masses by a factor of 1.2. This
difference may be attributed to the different IMFs used
by each method: a “diet” Salpeter (1955) IMF for the
LOSS masses (Mannucci et al. 2005), as opposed to a
Kroupa (2001) IMF for the Galspec masses (Salim et al.
2007). It is important to note that, overall, the Galspec
masses are consistent with the LOSS masses. This em-
pirical test shows that the Galspec masses do not suffer
the same bias as the SFRs, as described in Section 5.2.
Of the 10121 galaxies in the LOSS sample, there are
866 galaxies (8.6%) without known masses owing to a
lack of either B- or K-band photometry. L11 chose not
to use these galaxies when measuring their SN rates.
Here, we correlate between the existing stellar masses
and luminosities in order to interpolate the missing stel-
lar masses. We divide the galaxies into bins of width 0.2
dex in either LB or LK . For a specific galaxy with un-
known mass, we assign the median of the masses within
its luminosity bin as its mass value, and take the 16th
and 84th percentiles of the mass distribution within the
bin as the mass values’ uncertainty. In Paper II, we
show an example of this procedure for a subsample of
the LOSS galaxies. Of the 866 galaxies with missing
masses, four are outliers with low luminosities, which
result in near-zero masses. These galaxies, which do not
host any SNe, are excluded from the final sample.
In this work, we use two SDSS value-added catalogs—
the MPA-JHU Galspec galaxy properties and the
NASA-Sloan Atlas (NSA) photometry—to measure spe-
cific SN rates as a function of sSFR and metallicity. We
refer the reader to Kauffmann et al. (2003), Brinchmann
et al. (2004), and Tremonti et al. (2004) for a thorough
description of the Galspec pipeline. We initially used the
Galspec measurements to construct the “sSFR” sample
and “metallicity” samples. We first cross-matched the
coordinates of the LOSS galaxies, as given in Table 2 of
Leaman et al. (2011), with the SDSS coordinates of all
the galaxies analyzed with Galspec, requiring that any
two sets of coordinates be no more than 3′′ (the diameter
of the SDSS fiber aperture) apart. Of the 14,882 LOSS
galaxies, 4196 (∼ 28%) were matched with SDSS galaxy
spectra. For the SDSS sSFR sample, we select only
those that have nonzero stellar mass, SFR, and sSFR
values (4040 galaxies), and are part of the LOSS full-
optimal sample. For the SDSS metallicity sample, we
also require nonzero metallicity values. As these values
were only measured for those SDSS galaxies classified
as “star-forming” (Tremonti et al. 2004), this subsam-
ple (1000 galaxies) represents a subset of the galaxies in
the SDSS sample.
The host galaxies of CC SNe tend to be star-forming.
However, the SDSS pipeline photometry suffers from
shredding if multiple star-forming sites are resolved in
the disks. Usually, the LOSS host galaxy is cross-
matched to the central source, so that only the redder
light from the galaxy bulge is picked up. The galaxy
properties, especially the sSFRs, derived from such stan-
dard SDSS photometry, may not represent those of the
entire galaxy or at the SN site with active star forma-
tion. To better characterize the global properties of the
SDSS galaxies, we make use of NSA photometry, which
improves on the original SDSS photometric analysis us-
ing the detection and deblending technique described by
Blanton et al. (2011).
To derive global stellar masses and sSFRs, we ap-
ply spectral energy distribution (SED) fitting to the
NSA photometry in the five SDSS bands, adopting the
methodology of Salim et al. (2007). The full details of
the SED fitting technique used here can be found in
Huang et al. (2012a,b). A library of model SEDs are
generated, using the stellar population synthesis code of
Bruzual & Charlot (2003), with an extensive range of in-
ternal extinction, metallicity, and star-formation history
considered. The final physical properties, including stel-
lar mass and sSFRs, are computed as the median of all
model values, where each model is weighted according
to its fit likelihood.
The SDSS standard pipeline magnitudes are expected
to miss the blue light from star forming regions in disk
regions. As shown in the right panel of Figure A1, we
have confirmed that the NSA Sersic fluxes yield overall
bluer colors and thus higher sSFRs from SED fitting, rel-
ative to those from the SDSS pipeline magnitudes. How-
ever, as shown in the central panels of Figure A1, the
stellar mass estimates, based on NSA Petrosian fluxes,
are less affected by shredding, because the red central
bulge dominates the mass. We use the same library of
model SEDs as the MPA-JHU Galspec pipeline. As a
result, our stellar mass estimates are consistent with the
Galspec values for the sources with good SDSS pipeline
photometry. Thus, for the sSFR sample, we adopt the
stellar masses and sSFR values computed here from the
NSA photometry. For the metallicity sample, however,
we use the Galspec stellar mass estimates. Our esti-
mates of the stellar masses and sSFRs, based on NSA
photometry, are included in Table C2.
B. CONSISTENCY AMONG GALAXY SAMPLES
In this work, we measure specific SN rates using the
LOSS “full-optimal” sample and two subsamples of this
sample, labeled “sSFR” and “metallicity,” which are
described in Section 2. As one chooses progressively
smaller subsamples of a given sample, there arises the
possibility that any resulting measurements from those
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Figure A1. Left: A comparison between the Galspec and LOSS stellar masses reveals that, though overall consistent with each
other, the latter are larger by a factor of 1.2 than the former. Center: Stellar masses estimated from NSA ugriz Petrosian
photometry are consistent with Galspec masses. Right: sSFRs, estimated from NSA ugriz Sersic photometry, are higher than
Galspec sSFRs, which suffer from galaxy shredding. In all three panels, the solid line represents 1:1 equivalence.
subsamples would be biased, relative to measurements
performed with the main sample. To test for any such
biases, and whether the sliding-bin rates are a good rep-
resentation of the rates, Figure B2 shows the rates for
each SN type as measured from the different subsamples
and with various binning schemes. “SN-fixed” bins are
chosen so that they contain roughly the same number of
SNe in each bin while “mass-fixed” bins contain roughly
the same amount of stellar mass, in log scale. Finally,
we also show the rates in fixed bins of varying width, as
calculated with the AstroML7 (Ivezic´ et al. 2014) real-
ization of the Bayesian Blocks algorithm of Scargle et al.
(2013).
The various binning schemes produce measurements
that generally agree with each other, except at the lower
end of the mass range, where the small number of galax-
ies and SNe can cause relatively large fluctuations in
the rates. It is also clear that the rates as measured
with a sliding bin are a good representation of the data.
Moreover, the rates measured with the sSFR subsam-
ple are consistent with those measured with the main
LOSS sample. The rates measured from the metallicity
subsample, however, are markedly higher in the largest-
mass bin for both SNe II and SE SNe; no such bias
is noticeable for the SN Ia rates. We ascribe this bias
to the small size of the metallicity subsample (∼ 10%
of the main LOSS sample). This bias means that a
larger sample is required to test the validity of the cor-
relations between the SN rates and metallicity shown in
Figure 9. The connection between these correlations and
the galaxy scaling relations between metallicity and stel-
lar mass, however, should not be affected by this bias,
as in this work we measure the latter scaling relation di-
rectly from the galaxies and SN hosts in the metallicity
subsample.
7 http://www.astroml.org/
C. LIKELIHOOD RATIO CALCULATION
The likelihood ratio test is used to compare the
goodness-of-fit of nested models, such as polynomials
of increasing order. In this work, we use the likelihood
ratio test to compare between zeroth-, first-, and second-
order polynomials as fits to various datasets. The likeli-
hood ratio (RL) is simply the ratio of the likelihoods (L)
of the data (x) given the best-fitting parameters of each
type of fit, θ0 for the null hypothesis (the lower-order
polynomial) and θ1 for the model being tested:
RL =
L(θ0|x)
L(θ1|x) . (C2)
The likelihood ratio is distributed as a χ2 distribution,
with the number of degrees of freedom equal to the dif-
ference in the degrees of freedom of the models tested
(one or two in our case). χ2 = −2 ln(RL), so that
through the likelihood ratio we can obtain a p-value
for the significance of the rejection of the null hypothe-
sis. These p-values can then be translated into Gaussian
standard deviations, so that here we report the signif-
icance of the tests in multiples of σ, with 3σ as the
minimal significance for a “discovery.”
When fitting the SN rates, the likelihood function is
simply that of the Poisson probability density function
(PDF), as the uncertainties of the rates are dominated
by the sizes of the SN samples. The likelihood function
is then
L =
N∏
i=1
P (ni|λi), (C3)
where N is the number of bins in which the rates are
measured, λ is the observed number of SNe, and n is
the number of SNe resulting from the best fit to the
rates.
The likelihood function of the rate-ratio measure-
ments shown in Figure 5 is more complicated. Formally,
it should be the ratio (w) of the Poisson PDFs of the
SE SNe, P (x) = (λx/x!)e
−x, and SNe II, P (y), in each
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Figure B2. Specific SN rates as a function of galaxy stellar mass for SNe Ia (upper left), SE SNe (upper right), and SNe
II (upper center). Symbols show the rates as measured with the LOSS, sSFR, and metallicity samples, in bins with either
roughly equal numbers of SNe (“SN-fixed”) or equal galaxy mass (“mass-fixed,” in log space). The black symbols denote rates
as measured in bins calculated with the Bayesian Blocks algorithm. The curves show rates measured with a sliding bin; the
68% Poisson uncertainties of these measurements are shown as the gray regions. Light-gray patches show where the sliding-bin
rates are based on ≤ 3 SNe per bin, leading to large Poisson uncertainties. The various measurements, from different samples
and with different bins, are generally consistent. Note that the metallicity-sample rates are constrained to a narrower range of
galaxy stellar masses and are slightly enhanced in more massive galaxies.
bin. However, as Griffin (1992) notes, if P (y) = 0,
the denominator vanishes, and RL is undefined. Grif-
fin (1992) uses a truncated version of P (y), so that
p[P (y) ≤ 1] = 1, to solve this problem, but the re-
sultant PDF of w is hard to compute. However, for
sufficiently large values of λx and λy, the Poisson PDFs
will approach the Gaussian PDFs G(x) and G(y), with
means µx = λx and µy = λy, and standard deviations
σx =
√
λx and σy =
√
λy. Hinkley (1969) calculated the
ratio of Normal PDFs. For Gaussian functions, Hayya
et al. (1975) have shown that given that x and y are un-
correlated, and that the coefficients of variation satisfy
CV(x) > 0.005 and CV(y) < 0.39, the ratio w can be
transformed via the Geary-Hinkley transformation into
t =
µyw − µx√
σ2yw
2 − 2ρσxσyw + σ2x
, (C4)
and the PDF of t will then be a Normal distribution with
µ = 0 and σ = 1. For G(x) and G(y), the conditions on
the coefficients are satisfied for λx . 39, 200 and λy > 7.
The latter conditions are satisfied for all binning meth-
ods of the rate ratio. However, owing to the small
SN samples, the basic condition for the approxima-
tions described above—that the numbers of SNe are
large enough that their Poisson PDFs approach Gaus-
sian ones—is clearly not satisfied. To alleviate this prob-
lem, when fitting the polynomials to the measurements,
we take the upper uncertainty (which, for a Poisson dis-
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tribution, is always larger than the lower uncertainty) of each measurement as the overall uncertainty.
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(1) (2) (3) (4) (5)
LOSS 10117 274 116 324
sSFR 2415 65 18 79
metallicity 1000 24 14 52
SN Rates in LOSS, I 23
Table C2. Galaxy Properties and SN Control Times.a
Galaxy fo NIa NIb/c NII tc,Ia tc,Ib/c tc,II M?,LOSS LB LK d T
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) (13)
UGCA 017 0 1 0 0 8.222 7.817 7.799 0.2599 1.4566 1.0383 25.78 Sc
UGCA 024 1 0 0 0 9.772 9.534 9.599 0 0.1499 0 17.44 Scd
UGC 03825 1 0 0 1 6.776 2.215 4.993 10.0454 3.3206 15.1121 115.29 Sbc
UGC 03944 0 0 0 0 8.730 7.540 6.696 0.9475 1.2143 2.2752 55.03 Scd
UGC 04226 1 0 1 0 6.624 4.436 3.355 5.3292 2.4379 8.9522 110.23 Scd
α δ Plate MJD Fiber z M?,MPA SFR sSFRMPA Metallicity M?,NSA sSFRNSA
(14) (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) (25)
21.5601 −6.0942 · · · · · · · · · · · · · · · · · · · · · · · · · · · · · ·
31.1308 −6.1989 · · · · · · · · · · · · · · · · · · · · · · · · · · · · · ·
110.8882 41.4350 1864 53313 171 0.0276 6.7895 0.1012 0.0137 4.3351 0.2624
114.6521 37.6335 431 51877 34 0.0130 0.8508 0.4333 0.4667 9.0732 0.6577 0.7980
121.8392 40.3983 545 52202 111 0.0264 4.4377 0.0777 0.0161 4.4055 0.0253
aThe full table is available in the electronic version of the paper.
Columns:
1Galaxy name.
2Whether galaxy belongs to the LOSS “full-optimal” subsample used to measure SN rates here and by L11 (1 = yes, 0 = no).
3–5Number of SNe Ia, SE SNe, and SNe II (respectively) discovered in each galaxy.
6–8SN control time for SNe Ia, SE SNe, and SNe II (respectively).
9Galaxy stellar mass, in units of 1010 M, measured by L11 from the B- and K-band luminosities.
10–11B- and K-band luminosities (respectively), in units of 1010 L.
12Distance to galaxy, in Mpc.
13Hubble type of galaxy, according to the system adopted by Leaman et al. (2011).
14–15Right ascension and declination (respectively) of galaxy, in decimal units.
16–18SDSS plate, Modified Julian Date (MJD), and Fiber identifier (respectively).
19Galaxy redshift, measured from the SDSS spectrum.
20–23Galaxy stellar mass, SFR, sSFR, and oxgen abundance (respectively) measured by the SDSS MPA-JHU Galspec pipeline,
in units of 1010 M, M yr−1, 10−10 yr−1, and 12 + log(O/H) (respectively).
24–25Galaxy stellar mass and sSFR (respectively) measured from NSA Petrosian and Sersic photometry, in the same units as
the MPA M? and sSFR values.
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Table C4. Specific SN Rates as a Function of Galaxy Stellar Mass, Measured with a Sliding Bin.a
M? RIa NIa Ngal M? RSE NSE Ngal M? RII NII Ngal
(1010 M) (SNuM) (1010 M) (SNuM) (1010 M) (SNuM)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12)
SNe Ia SE SNe SNe II
All galaxies
0.035+0.016−0.013 2.2
+5.1
−1.8 1 171 0.011
+0.007
−0.007 8
+19
−7 1 166 0.015
+0.011
−0.007 4.2
+9.8
−3.5 1 189
0.084+0.036−0.030 0.4
+0.3
−0.9 1 454 0.075
+0.045
−0.049 0.4
+0.9
−0.3 1 592 0.09
+0.07
−0.04 0.3
+0.6
−0.2 1 623
0.09+0.04−0.03 1.1
+1.1
−0.6 3 456 0.08
+0.07
−0.05 0.9
+0.8
−0.5 3 670 0.14
+0.11
−0.06 1.2
+0.6
−0.4 8 728
0.10+0.06−0.03 0.9
+0.8
−0.5 3 483 0.10
+0.10
−0.05 0.6
+0.6
−0.3 3 784 0.15
+0.11
−0.07 2.5
+0.8
−0.6 17 727
0.14+0.07−0.05 0.9
+0.7
−0.4 4 478 0.11
+0.11
−0.06 0.7
+0.5
−0.3 4 865 0.15
+0.11
−0.07 2.4
+0.8
−0.6 16 713
· · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · ·
· · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · ·
Specific Hubble types: E–Scd for SNe Ia, Sab–Scd for SE SNe and SNe II
0.04+0.05−0.02 3
+6
−2 1 143 0.012
+0.018
−0.006 14
+32
−11 1 90 0.02
+0.03
−0.01 7
+16
−6 1 108
0.09+0.12−0.05 0.5
+1.1
−0.4 1 374 0.050
+0.071
−0.026 1.6
+3.8
−1.4 1 208 0.09
+0.13
−0.05 0.5
+1.2
−0.4 1 372
0.09+0.13−0.06 1.3
+1.3
−0.7 3 379 0.08
+0.12
−0.04 1.2
+1.5
−0.7 2 373 0.10
+0.15
−0.06 2.3
+1.4
−0.9 6 402
0.10+0.16−0.07 1.0
+1.0
−0.5 3 416 0.2
+0.3
−0.1 0.3
+0.4
−0.2 2 601 0.13
+0.20
−0.08 1.7
+1.0
−0.7 6 435
0.14+0.21−0.09 1.0
+0.8
−0.5 4 430 0.3
+0.5
−0.2 0.2
+0.2
−0.1 3 744 0.13
+0.21
−0.08 2.3
+1.1
−0.8 8 433
· · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · ·
· · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · · ·
aThe electronic version of the paper contains six separate versions of this table, one for each SN type.
Columns:
1,5,9Stellar mass of the galaxies in the bin. Error bars represent the upper and lower limits of the bin.
2,6,10Specific SN rate. Error bars are 68% Poisson uncertainties stemming from the number of SNe in each bin.
3,7,11Number of SNe in the given bin.
4,8,12Number of galaxies in the given bin.
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Table C5. Ratio Between SE SN and SN II Specific
Rates in the Range 2× 109 ≤M? ≤ 2× 1011 M.
Mass Metallicity RSE/RII NSE NII
(1010 M) 12 + log(O/H)
(1) (2) (3) (4) (5)
0.32+0.12−0.09 8.84
+0.06
−0.06 0.13
+0.09
−0.08 3 26
0.84+0.28−0.23 9.01
+0.05
−0.06 0.35
+0.11
−0.11 14 47
2.1+0.7−0.6 9.17
+0.05
−0.05 0.59
+0.13
−0.11 34 77
5.1+1.8−1.3 9.32
+0.05
−0.05 0.64
+0.14
−0.11 38 93
12+4−3 9.47
+0.05
−0.05 0.64
+0.15
−0.15 20 58
1The uncertainties mark the 16th and 84th percentiles
of the mass distribution in a given bin.
2Metallicity (on the T04 scale) converted from stellar
masses using the mass-metallicity relation in Table C7
(for all galaxies).
3Ratio between mass-normalized SE SN and SN II
rates.
4Number of SE SNe in a given bin.
5Number of SNe II in a given bin.
Table C6. Specific SN Rates as a Function of Various Galaxy Properties.
SN type Metallicitya R NSN sSFR R NSN SFR R NSN
12 + log(O/H) (SNuM) log(sSFR/yr−1) (SNuM) log(SFR/M yr−1) (SNuM)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10)
Ia
8.81+0.18−0.25 0.77
+0.38
−0.27 8 −12.16+0.19−0.25 0.09+0.03−0.02 16 −1.2+0.3−0.4 0.118+0.032−0.026 21
9.109+0.035−0.052 0.20
+0.10
−0.07 8 −11.2+0.5−0.5 0.073+0.023−0.018 16 −0.23+0.27−0.34 0.100+0.026−0.021 22
9.19+0.08−0.02 0.31
+0.15
−0.11 8 −10.33+0.12−0.14 0.16+0.05−0.04 17 0.34+0.25−0.14 0.135+0.035−0.029 22
−9.80+0.38−0.25 0.31+0.10−0.08 16
SE
8.77+0.18−0.23 1.0
+0.7
−0.4 5 −11.84+0.57−0.45 0.008+0.019−0.007 1 −0.68+0.45−0.64 0.045+0.027−0.018 6
9.07+0.04−0.04 0.34
+0.27
−0.16 4 −10.43+0.17−0.30 0.09+0.03−0.05 6 0.11+0.13−0.13 0.13+0.08−0.05 6
9.166+0.072−0.035 0.25
+0.17
−0.11 5 −10.08+0.09−0.07 0.28+0.19−0.12 5 0.45+0.21−0.12 0.13+0.08−0.05 6
−9.7+0.3−0.2 0.35+0.21−0.14 6
II
8.71+0.16−0.25 3.4
+1.3
−1.0 12 −11.84+0.57−0.45 0.033+0.015−0.011 9 −0.8+0.4−0.6 0.08+0.02−0.02 20
9.01+0.05−0.04 1.37
+0.47
−0.36 14 −11.51+0.15−0.28 0.17+0.05−0.04 17 −0.1+0.1−0.1 0.30+0.09−0.07 19
9.112+0.018−0.022 0.73
+0.26
−0.20 13 −10.20+0.06−0.08 0.56+0.17−0.13 18 0.22+0.09−0.08 0.35+0.10−0.08 20
9.18+0.07−0.03 0.49
+0.18
−0.13 13 −10.0+0.1−0.1 0.9+0.3−0.2 17 0.5+0.2−0.1 0.32+0.09−0.07 20
−9.55+0.34−0.17 1.4+0.4−0.3 18
aSDSS metallicity values were measured using the T04 metallicity scale.
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Table C7. Polynomial Fits (y = ax+ b) to SN Rates and Galaxy Scaling Relations.
y x a b χ2/DOF S
(1) (2) (3) (4) (5) (6)
log(RIa/SNuM)
a log(M?/M) −0.44± 0.06 3.8± 0.6 2.7/2 > 5σ
log(RIa/SNuM)
b log(M?/M) −0.43± 0.08 3.7± 0.8 3.9/2 > 5σ
log(RIa/SNuM) log(sSFR/yr
−1) 0.23± 0.08 1.7± 0.8 3.2/2 > 3σ
log(RIa/SNuM) 12 + log(O/H) −1.3± 0.7 11± 7 1.0/1 > 2σ
log(RSE/SNuM)
a log(M?/M) −0.64± 0.09 5.8± 0.9 7.3/2 > 4σ
log(RSE/SNuM)
b log(M?/M) −0.46± 0.10 4.1± 1.0 2.1/2 > 4σ
log(RSE/SNuM)
c log(sSFR/yr−1) 0.8± 0.5 7± 5 0.5/1 > 5σ
log(RSE/SNuM) 12 + log(O/H) −1.5± 1.0 13± 9 10−5/1 > 2σ
log(RII/SNuM)
a log(M?/M) −0.84± 0.05 8.2± 0.5 21/4 > 4σ
log(RII/SNuM)
b log(M?/M) −0.68± 0.05 6.6± 0.5 5.6/4 > 4σ
log(RII/SNuM)
c log(sSFR/yr−1) 0.9± 0.2 9± 2 2.7/2 > 5σ
log(RII/SNuM) 12 + log(O/H) −1.73± 0.45 16± 4 0.6/2 > 5σ
log(M?)
d 12 + log(O/H) 2.5 −12.6
log(M?,Ia) 12 + log(O/H) 2.31± 0.13 −10.8± 1.2 481/24
log(M?,SE) 12 + log(O/H) 3.4± 0.1 −20.4± 1.2 16/10
log(M?,II) 12 + log(O/H) 3.33± 0.08 −20.1± 0.7 321/45
aUsing rates measured for all galaxy types.
bUsing rates measured in E–Scd (Sab–Scd) galaxies for SNe Ia (SE SNe and SNe II).
cRestricted to measurements in galaxies with log(sSFR/yr−1) > −11.
dMeasured with MATLAB’s cftool fitting suite, which does not provide χ2 values.
